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Fibronectin is a modular extracellular matrix protein
involved in cell adhesion, cell motility, wound heal-
ing, and maintenance of cell morphology. It is com-
posed of multiple repeats of three distinct modules:
FI, FII, and FIII. Various combinations of these
modules create fragments able to interact with
different constituents of the extracellular matrix.
Here, we present the 2.5-A˚ resolution crystal
structure of its 45-kDa gelatin-binding domain
(GBD; 6FI-1FII-2FII-7FI-8FI-9FI), which also corre-
sponds to the C-terminal half of the migration stimu-
lating factor, a Fn splice variant expressed in human
breast cancers. GBD forms a very compact zinc-
mediated homodimer, in stark contrast with previous
structures of fibronectin fragments. Most remark-
ably, 8FI no longer adopts the canonical FI fold but
is composed of two long strands that associate
with 7FI and 9FI into a large b-sheet superdomain.
Binding studies in solution confirmed that Zn induces
conformational rearrangements and causes loss of
binding of Fn-GBD to high-affinity collagen peptides.
These data suggest the Znmay play a regulatory role
for the cellular functions of fibronectin.
INTRODUCTION
Fibronectin (Fn) is a large and flexible multifunctional glycopro-
tein and a prominent component of the extracellular matrix
(ECM). Fn is also found at high concentrations in plasma.
Through its ability to interact with several distinct partners
(collagen, heparin, fibrin, and cell-surface receptors of the integ-
rin family), Fn plays key roles in cell adhesion, cell morphology,
wound healing, cell migration, and embryogenic differentiation
(Hynes, 1990; Pankov and Yamada, 2002). As part of the ECM,
Fn forms a fibrillar network (Morla et al., 1994), and in blood
plasma, it exists as a dimer of two similar but not identical poly-
peptide chains of 220–250 kDa each, connected by two disulfide
bridges at the C terminus of the protein. In humans, alternative
splicing of Fn mRNA leads to the expression of a 77-kDa protein710 Structure 18, 710–718, June 9, 2010 ª2010 Elsevier Ltd All rightsalso known as migration stimulating factor (MSF) that corre-
sponds to the N-terminal part (Liu et al., 2003; Schor et al.,
2003). This soluble protein is secreted by fibroblasts in fetal
skin and breast cancer, and stimulates fibroblast migration
(Schor et al., 1988).
Fn has a modular architecture made by a combination of three
structurally distinct modules called FI, FII, and FIII (Figure 1A) (for
reviews, see Chothia and Jones, 1997; Erickson et al., 1981;
Erickson and Carrell, 1983; Potts and Campbell, 1996). Upon
limited proteolytic digestion of Fn, several functional fragments
with specific ligand-binding properties can be isolated (Figure 1A)
(Hynes, 1990). The 3D structures of fragments 1FI-2FI, 2FI-3FI,
4FI-5FI, 6FI-1FII, 8FI-9FI, 7FIII-8FIII-9FIII-10FIII, and 12FIII-13FIII-
14FIII have revealed that these contiguous modules are arranged
as extended arrays, supporting the ‘‘string of beads’’ as a model
for the structural organization of Fn (Bocquier et al., 1999; Erat
et al., 2009; Leahy et al., 1996; Potts et al., 1999; Rudin˜o-Pin˜era
et al., 2007; Sharma et al., 1999; Williams et al., 1994). Extensive
intermodule interactions were, however, observed between 6FI
and 2FII domains using thermodynamic studies and in the NMR
structure of the 6FI-1FII-2FII fragment of the Fn gelatin-binding
domain (GBD) (Litvinovich et al., 1991; Pickford et al., 2001) as
well as between 1FIII-2FIII and the N-terminal 30-kDa heparin-
binding fragment (Vakonakis et al., 2007).
Fn and integrin receptors play an essential role in the formation
of collagen fibers in cell cultures. It is known that Fn interacts with
collagen in this process. The collagen-binding site on fibronectin
was shown to reside in a fragment composed of 6FI-1FII-2FII-
7FI-8FI-9FI and is known GBD. The majority of Fn collagen inter-
action studies in vitro used either denatured collagen (gelatin) or
small collagen I fragments (Engvall and Ruoslahti, 1977; Erat
et al., 2009; Ingham et al., 1988, 2002). GBD binds strongly to
gelatin columns and can only be eluted at high urea concentra-
tions. Anti-GBD antibodies inhibit collagen fiber formation in
fibroblasts (McDonald et al., 1982). Collagenase cleavage sites
in collagen I form the cognate Fn interaction sites (Kleinman
et al., 1978). Peptide scanning using NMR and fluorescence
recently identified collagen peptides that bind to two different
Fn-GBD fragments (8–9FI and 6FI-1FII-2FII-7FI) (Erat et al., 2009).
The identified peptide spanning residues G778–G799 is situated
at the C-terminal of the matrix metalloproteinase I cleavage site.
The crystal structure of this peptide in complex with 8-9FI
showed that the collagen peptide adopts an elongated strand
conformation, antiparallel to the 8FI E-strand (Erat et al., 2009).reserved
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Figure 1. Ribbon Representation of the GDB
(A) Schematic representation of human Fn.
Modules whose structures have been solved are
in gray. Glycosylation sites are depicted by closed
diamonds. Interacting partners for the different Fn
fragments are indicated. The letter C represents
cysteinyl residues involved in intermolecular disul-
fide bridges. The fragment described in this study
is boxed.
(B) Ribbon representation of the GBD monomer.
The schematic representation on the top left repre-
sents the color code used for each module in all
figures. Zn2+ ions present at crystal contacts or at
the GBD dimer interface are depicted as black
and yellow spheres, respectively. Sugars are
shown in sticks.
(C) Representation of the large C-terminal domain.
(D) Superimposition of 8FI as observed in the
crystal structure of the complex with collagen
peptide (orange) onto our 8FI (gray). Disulfide
bridges are shown as sticks. Amino acids from
8FI that are responsible for zinc binding are shown
as sticks. Zn2+ ions are depicted as yellow spheres.
Anomalous map (black) contoured at 9s is shown
around the Zn2+ ions.
(E) Sequence alignment of the 12 FIs from human
Fn. Secondary structure elements for all FI modules
are on top, except for those of our X-ray 8FI struc-
ture, which are at the bottom. Strictly conserved
residues are in white on a black background.
Well-conserved amino acids are boxed. Black
circles below the alignment indicate positions
contributing to the formation of the hydrophobic
core of classical FI modules.
Structure
Gelatin Binding Domain Structure of FibronectinAlthough a few structures of single domains or domain combi-
nations of Fn are known, structural information is missing for
many complete functional fragments. We have solved the crystal
structure of the Fn GBD fragment. This 45-kDa acidic GBD is
obtained by cathepsin D and tryptic digestion of Fn from human
plasma and corresponds to the C-terminal half of the MSF. It
consists of 6FI-1FII-2FII-7FI-8FI-9FI and carries N-glycosylations
on three Asn residues (Asn430 from 2FII and Asn
528 and Asn542
from 8FI that account for 5–10 kDa (Ingham et al., 1989, 1995).
Surprisingly, Fn forms a very compact Zn-induced dimeric
structure.
RESULTS
Fn Gelatin-Binding Domain Forms a Compact Structure
Crystals of Fn-GBD could only be obtained in the presence of
30–50 mM ZnSO4 from 100 nl crystallization drops. The structure
has been solved using the single-wavelength anomalous diffrac-
tion (SAD) method exploiting the anomalous scattering from
bound Zn2+ ions and was refined to 2.5 A˚ resolution (Table 1).
The final model contains all the residues from Gln297 to Thr604
as well as seven zinc atoms. The crystal asymmetric unit
contains one copy of GBD. GBD adopts a curved elongated
shape with approximate dimensions 40 3 40 3 82 A˚3. Overall,
the structure of GBD is different from what was expected and
cannot be described as a simple multimodular chain of well-Structure 18documented FI and FII domains. GBD consists of three layers
(Figure 1B): a N-terminal lobe made by the association of 6FI
(Gly306-Thr345) and 2FII (His
404-Met463), the central 1FII (Ala
346-
Asp403), and a large C-terminal lobe (Ala464-Thr604, 7FI-8FI-9FI).
A previous NMR structure of the 6FI-1FII-2FII fragment showed
that 6FI and 2FII tightly pack, burying 800 A˚
2 of hydrophobic
solvent accessible surface area (ASA) (Pickford et al., 2001).
Buried surface areas were calculated as follows: ASA molA +
ASA molB  ASA molAB. The NMR and present crystal struc-
tures of the 6FI-2FII pair are in excellent agreement (rmsd of
1.4 A˚ over 90 Ca atoms from 6FI and 2FII). The relative orientation
and position of 1FII relative to 6FI-2FII were ill defined in the
solution structure. In the present crystal structure, 1FII (rmsd is
1.3 A˚ over 49 Ca atoms compared with its NMR structure) is
sandwiched between the N- and C-terminal lobes (1,025 A˚2
and 850 A˚2 buried surface area, respectively) and contributes
considerably to dimer formation (see further). Also the C-terminal
lobe is organized as a compact structure. Most remarkably, the
three C-terminal FIs (7FI, 8FI, and 9FI) can no longer be consid-
ered as individual modules but are organized into a single super-
domain consisting of an eight-stranded antiparallel b-sheet
(Figure 1C). The classical FI fold, as represented by 7FI, consists
of a short b-hairpin (strands A and B) that packs against a three-
stranded (strands C, D, and E) antiparallel b-sheet (Baron et al.,
1990). A disulfide bond connects both sheets. Modules 7FI
(Ala464-Arg515) and 9FI (Asp
559-Thr604) adopt this fold (rmsd value, 710–718, June 9, 2010 ª2010 Elsevier Ltd All rights reserved 711
Table 1. Data Collection Statistics
Native SAD
Data collection
Resolution (A˚) 20.0–2.4 (2.53–2.4) 50.0–3.0 (3.16–3.0)
Space group P 3221 P 3221
Unit cell parameters a = b = 124.8 A˚;
c = 60.6 A˚
a = b = 125.2 A˚;
c = 60.9 A˚
Total no. reflections 46,596 130,597
Total no. unique reflections 20,851 11,280
Rsym (%)
a 8.4 (62.1) 13.7 (48.4)
Completeness (%) 97.3 (96.6) 100 (100)
I/s (I) 9 (1.2) 18.6 (4.1)
Redundancy 2.2 (2.1) 11.6 (11.8)
Refinement
Resolution (A˚) 20–2.5
R/Rfree (%)
b 19.4 / 21.9
Rmsd bonds (A˚) 0.010
Rmsd angles () 1.22
B Wilson (A˚2) 58
Mean B factor (A˚2) protein/
water/zinc/ glycosylation
71/54/63/103
Ramachandran plot
Most favored 90.6%
Allowed 9.4%
a Rsym = ShSijIhi  < Ih > j/ShSiIhi, where Ihi is the ith observation of the
reflection h, and < Ih > is the mean intensity of reflection h.
b Rfactor = S kFoj  jFck / jFoj. Rfree was calculated with a small fraction
(5%) of randomly selected reflections.
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Gelatin Binding Domain Structure of Fibronectinbetween our 7FI and the NMR 7FI structure is 1.4 A˚ over 40 Ca
atoms, and rmsd between our 9FI and the X-ray structure of
9FI obtained in the presence of collagen peptide is 0.6 A˚ over
46 Ca atoms). Their b-hairpins (bA and bB) occupy opposite
positions on the convex face of the main b-sheet of the
C-terminal lobe (Figure 1C). The Fn-GBD structure is the first
example of a fragment containing three contiguous FIs. Previous
structures of FI pairs had revealed an organization as ‘‘module
arrays’’ with no or minor contacts between FIs (Bocquier et al.,
1999; Potts et al., 1999; Rudin˜o-Pin˜era et al., 2007; Williams
et al., 1994). In contrast with available structural information on
FIs, 8FI does not adopt a canonical FI fold in our structure but
consists of a three-stranded b sheet. We labeled the three
strands of the new 8FI fold as C, D, and E. To visualize the struc-
tural differences with a classical FI fold, we superposed 8FI from
our crystal structure with that from the recently published 8FI-9FI
fragment in complex with a collagen peptide (Erat et al., 2009)
(Figure 1D). In this complex, 8FI and 9FI domains adopt a canon-
ical FI fold and are arranged linearly, making few interdomain
contacts. In our structure, the 8FI is completely rearranged.
As a consequence, the small two-stranded b-sheet made by
strands A and B is absorbed in a new, long b-strand (strand C)
(Figure 1E). Residues 530–534 that were part of the former
C-strand now form the loop connecting strands C and D. The
linker (residues 533–538) that connects the strands C and D in
the classical FI now corresponds to the N-terminal part of the
much longer strand D. Both structures of classical and rear-712 Structure 18, 710–718, June 9, 2010 ª2010 Elsevier Ltd All rightsranged 8FI can only be superposed on parts of their C, D, and
E strands (Figures 1D and 1E). The three aromatic residues
that form the hydrophobic core in a classical FI context (Tyr
525,
Phe531, and Trp553) are not clustered in the present 8FI structure.
Tyr525 is part of the C-ter lobe hydrophobic core but Phe531 and
Trp553 are interacting with 6FI from the same protomer and 1FII
from the second protomer of the homodimer (see further),
respectively. Strand E from 7FI is four residues longer than usual
for a canonical FI. The linker connecting 7FI to 8FI contributes
these extra strand residues. In fact, in Zn-GBD the 7, 8, and
9FIs do not fold into individual modules but are associated into
a single superdomain. This domain is formed by a large eight-
stranded antiparallel b-sheet (grouping strands C, D, and E
from each FI). The 8FI domain contains two disulfide bonds:
Cys518-Cys545 (connecting stands A and D) and Cys543-Cys555
(connecting strands D and E). In our present structure, these
disulfide bonds are maintained. Upon superposition of the two
8FI structures (Figure 1D), the Cys
543-Cys555 disulfide bonds
almost overlap, whereas the Cys518-Cys545 disulfide bond pivots
over 180 following the rearrangement of the strands.
Structure of Fn-GBD Reveals Multiple Zn-Binding Sites
Crystals of Fn-GBD were only obtained in the presence of Zn. We
therefore collected diffraction data at the anomalous Zn edge
wavelength and seven Zn atoms per monomer could be unam-
biguously positioned in the crystal structure. These Zn atoms
create complex interaction networks between the different
modules but also between subunits of the Fn-GBD dimer (see
further). Four of these sites involve residues from the 8FI (Fig-
ure 1D). One of these Zn sites bridges strands C and D
(Asp522/His539) (see Figure S2C available online). Two other
Zn coordinate side chains from the strand D (His535 and
Glu537). Residues from the linker between strands C and D
(Asp529 and His 532) (Figure S2D) coordinate the fourth Zn.
These Zn sites are very likely to be responsible for the drastic
rearrangement of 8FI. Comparison with the structure 8FI-9FI in
complex with a collagen fragment (Erat et al., 2009) shows that
none of these Zn sites could exist in the context of a canonical
8FI fold. Five of seven Zn sites coordinate residues from different
Fn modules and probably are important for the observed
compaction of Fn-GBD. Most of the Zn sites involve both histi-
dine and aspartate/glutamate ligands (Figures S1 and S2), and
some of them are very similar to active site Zn ion environments
of metalloproteases such as carboxypeptidase and thermolysin.
Homodimerization and Zn2+ Binding
Although only one copy of Fn-GBD is present in the asymmetric
unit, an extensive Fn-GBD homodimer, burying 4,500 A˚2 solvent
ASA, can be generated by a crystallographic twofold symmetry
operation. This buried surface area is much larger than any of
the other Zn-mediated crystal contacts (<1,000 A˚2). The two
GBD monomers are associated in parallel, creating two impor-
tant interaction surfaces (Figures 2A and 2B). The first involves
the 2FII modules (buried ASA of 1,200 A˚
2) (Figure S3A) and in
the second, 1FII is packed against the concave face of the
b-sheet from the C-ter lobe (buried ASA of 1,300 A˚2) (Figure S3C).
Homodimerization further involves interactions between 2FII and
the large C-ter lobe (buried ASA of 500 A˚2) (Figure S3B). A total
of 64 monomer residues and 18 hydrogen bonds contribute toreserved
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Figure 2. Surface Representation of GBD
(A) Ribbon representation of the homodimer. One mono-
mer is colored as in Figure 1B; the other is in gray.
(B) Surface representation of the electrostatic potential,
calculated in absence of zinc, for the GBD homodimer.
Regions of the surface with negative or positive potentials
are colored red and blue, respectively.
(C) Surface mapping of residues involved in homodimer
formation (green). Dimer amino acids coordinating Zn2+
ions (yellow spheres) are in orange.
(D) Surface representation of the electrostatic potential,
calculated in absence of zinc, for the GBD monomer.
(E) Superimposition of the structure of the 8-9FI Fn
fragment (with 8FI and 9FI colored in orange and yellow,
respectively) bound to a collagen peptide (green) onto
the 7-8-9FI superdomain (same color code as Figure 1B).
Structure
Gelatin Binding Domain Structure of Fibronectinhomodimer formation. Remarkably, four Zn2+ ion binding sites
are made by residues from both protomers and as a conse-
quence are involved in dimer formation (Figure 2C). Two are
located at the interface between 2FII and the C-ter lobe, and their
coordination spheres are made by Asp522 and His539 from one
monomer and His383 from the second (Figure S2C). The two
remaining Zn2+ ions are bound between 1FII and the C-ter lobes.
They are chelated by His404 and Asp433 from one protomer and
His466 and Glu468 from the second (Figure S2D). Analysis of the
electrostatic surface potential of the GBD monomer reveals
that these four Zn2+ ions are spread over highly negatively
charged patches (Figure 2D). Partial neutralization of these elec-
trostatic surfaces may also be a crucial factor for dimer formation
(Figure 2B). Zn-binding residues are very well conserved among
mammal Fn sequences. Full details and sequence alignment of
Zn sites are provided in Supplemental Experimental Procedures.
To strengthen our crystallographic observations, the quater-
nary structure of Fn-GBD was studied in solution. Sedimentation
equilibrium experiments were performed by analytical ultracen-
trifugation. Absorbance scans were acquired three times at
five speeds with GBD samples at 0.035, 0.16, and 1 mg/ml in
either ZnSO4 or EDTA conditions. All 15 scans acquired at
1 mg/ml in the presence of Zn2+ fit better with a dimer (Figure 3A;
Figure S4) (MW = 84,281 Da), whereas in the presence of EDTA
(or other divalent cations such as Mg2+ or Ca2+), a monomer
model gave the best fit (Figure 3B; Figure S5) (MW = 42,145
Da compared with 42,436 Da as measured by MALDI-TOF
mass spectrometry, respectively). We analyzed monomer-dimer
equilibrium during a sedimentation velocity experiment usingStructure 18, 710–718, June 9GBD samples at 0.16 mg/ml in either presence
or absence of Zn2+. Absorbance scans were
analyzed using a continuous distribution of
sedimentation coefficients c(s). Figure 3C dis-
plays the analysis of a scan for two species in-
terpreted as the monomer (s = 3.77S) and the
dimer (s = 6.00S) in the presence of Zn2+. Data
fitting with a ratio f/f0 = 1.20 (molecular axis ratio
a/b = 2.3) and a fixed meniscus position
provided estimation of the MW of 42,440 and
84,860 Da for the monomer and the dimer
species, respectively. In the absence of Zn2+,
the coefficient velocity is lower (s = 2.95 S) andthe ratio f/f0 as to be set to 1.75 to keep a good fit corresponding
to a MW of 42,810 Da. The dimerization equilibrium constant
could not be properly measured because of monomer aggrega-
tion, but from the sedimentation velocity fit we estimated a disso-
ciation constant of about 4.7 mM. Altogether, these data show
that in the absence of Zn2+, the GBD molecule is monomeric,
whereas at 5 mM ZnSO4, it is present as a mixture of both mono-
mers and homodimers. In addition, the sedimentation coefficient
of the monomer increases proportionally with ZnSO4 concentra-
tion, suggesting that Zn2+ induces compaction of the GBD
monomer (see Figure S4 and Supplemental Experimental
Procedures for details). A possible scenario is that Zn2+ causes
structural rearrangements within 8FI, leading to formation of
the superdomain, compaction of the monomeric form, and finally
to dimer formation.
Although fibronectin was shown to exist in multiple oligomeric
states in response to the physicochemical properties of the
solution and the physiological interactions with other protein
partners in the extracellular matrix (Aguirre et al., 1994; Erickson
and Carrell, 1983; Morla et al., 1994), little is known about these
states at the structural level. Intact Fn exists as a dimer due to the
presence of two disulfide bonds at the C-terminal region, but
other regions (the 70-kDa N-terminal and 1FIII–6FIII fragments)
were proposed to be involved in dimer formation (Aguirre et al.,
1994; Vakonakis et al., 2007). However, all available detailed
structural information on modules and combinations of modules
have only revealed the presence of monomeric species so far.
The present Fn-GBD structure is the first example of a dimeric
form of an Fn fragment., 2010 ª2010 Elsevier Ltd All rights reserved 713
Figure 3. Effect of Zn2+ Ions on GBD Quaternary Structure
(A and B) Sedimentation equilibrium of GBD at a concentration of 1 mg/ml in
either 5 mM ZnSO4 (A) or 2 mM EDTA (B). A representative absorbance
scan at 12 krpm is shown out of the 15 scans used for the fitting (three repeated
Structure
Gelatin Binding Domain Structure of Fibronectin
714 Structure 18, 710–718, June 9, 2010 ª2010 Elsevier Ltd All rightsCollagen/Gelatin Binding
Collagen assembly is spatially and temporally integrated with
fibronectin polymerization in vascular smooth muscle cells (Li
et al., 2003). Collagen and fibronectin specifically interact in
the extracellular matrix. The quaternary structure of Fn-GBD is
therefore clearly relevant to understand its interactions with
collagen. The interaction between Fn-GBD and collagen has
mainly been studied in vitro using gelatin (Engvall and Ruoslahti,
1977). Various module pairs (6FI-1FII, 2FII-7FI, and 8FI-9FI)
obtained by either proteolysis of Fn-GBD or overexpression of
recombinant constructs were all shown to bind to gelatin albeit
with lower activity compared with intact Fn-GBD.
Gelatin-binding studies with fragments of GBD showed that all
six modules are required for full activity, suggesting cooperativity
between these six modules (Ingham et al., 1989; Katagiri et al.,
2003). The very compact Fn-GBD structure shows that its
modules strongly interact, in line with the fact that they all
seem required for full gelatin affinity. The migration stimulating
factor (MSF), an isoform obtained by alternative splicing of the
Fn mRNA, corresponds to the 70-kD N-terminal fragment and
encompasses the Fn-GBD. The secretion of this protein
increases migration into 3D type-I collagen gels of fetal
fibroblasts compared with adult cells (Schor et al., 1985). The
Ile-Gly-Asp triplets (IGD) from 7FI and 9FI have been shown to
be crucial for MSF motogenic activity (Millard et al., 2007; Schor
et al., 2003). Erat et al. (2009) recently showed that Fn-GBD
specifically binds to a type-I collagen peptide adjacent to the
MMP1 cleavage site, spanning residues G788–G799, with
a binding constant of 5 mM (Erat et al., 2009). The 8FI-9FI
fragment binds this peptide with the same affinity as the
complete Fn-GBD. The crystal structure of the a1 G788–G799
peptide in complex with 8FI-9FI showed that both FI modules
adopt the canonical FI fold. The collagen peptide forms a
b-strand running antiparallel to strand E from 8FI, in a manner
reminiscent of the mode of interaction previously observed in
complexes between proteins from pathogenic bacteria and FI
modules (Schwarz-Linek et al., 2003). We superposed the sheet
formed by strands C to E in the 8FI bound to a1 G788–G799
peptide onto that of the 8FI as observed in our crystal structure.
Strand E from 8FI that runs antiparallel to the collagen peptide is
accessible in the 7FI-8FI-9FI superdomain (Figure 2E). We inves-
tigated whether the collagen peptide would be able to maintain
its interaction with strand E in the GBD through modeling. We
were able to position part of the G788–G799 peptide in our
GBD antiparallel to the E strand with a similar configuration as
observed for the 8-9FI collagen peptide complex. In the latter
complex, the collagen peptide also interacts with 9FI. However,
the 9 FI module in the GBD is differently oriented relative to 8FI so
that interactions between the collagen peptide and 9FI cannotscans acquired at five speeds). Calculated curves are drawn for the dimer as a
solid line and for the monomer as a dashed line. Residuals for the best fit
are indicated in the upper panel. Parameters used for the fit are indicated.
Corresponding MW are reported for the best fit.
(C) Sedimentation velocity experiments performed with GBD at a concentra-
tion of 0.16 mg/ml. The data presented in the top panel for GBD in EDTA
(absorbance versus radius) were analyzed according to the continuous c(s)
analysis method. Parameters used for the fit are indicated. Sedimentation
coefficients are reported for every peaks as well as their corresponding MW
and friction ratio f/f0.
reserved
Figure 4. Effect of Zinc on GBD Affinity for Collagen
(A) Fluorescence anisotropy titration of collagen peptide by GBD.
(B) Fluorescence anisotropy titration of collagen peptide incubated with 25 mM
GBD with increasing concentrations of ZnCl2.
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Gelatin Binding Domain Structure of Fibronectinbe maintained in the GBD upon the rearrangement induced
by zinc.
From these observations, we tested whether Zn affects the
binding affinity of GBD for collagen peptide. We used fluores-
cence anisotropy titrations of a fluorescently labeled high-affinity
collagen peptide [a1(I) G778–G799] with GBD. In absence of Zn,
we obtained a dissociation constant of 5 mM, in agreement
with the value obtained by Erat et al. (2009) (Figure 4A). To inves-
tigate the effect of Zn, we incubated the fluorescently labeled
a1(I) G778–G799 peptide with excess GBD (25 mM) and then
titrated with increasing amounts of ZnCl2. As can be seen from
Figure 4B, the anisotropy of the peptide fluorescence decreases
with increasing ZnCl2 concentrations and finally reaches a stable
value at 200 mM ZnCl2. Because ZnCl2 has no effect on the
anisotropy of the peptide alone (data not shown), we concludeStructure 18that the addition of ZnCl2 dissociates the collagen peptide
from the GBD. Direct titration of the peptide with GBD in the
presence of 3 mM ZnCl2 did not reveal any binding (data not
shown). We conclude that although potential collagen-binding
sites remain accessible, the structural rearrangements and
dimer formation induced by Zn inhibit the binding of a high-
affinity collagen peptide.
DISCUSSION
A number of solution and crystal structures of Fn fragments are
now available, but we are still far from a molecular picture of its
dynamics and interactions with its partners in the extracellular
matrix. Fn is a flexible protein whose conformation and associa-
tion state depend on the physicochemical and physiological
properties of its environment. The conformation of plasma Fn is
dependent upon the pH and ionic strength of the solution. It
expands from a compact conformation (at physiological pH
and at lower ionic strength) to an extended conformation (at
increased pH or salt concentration) without any significant
changes in secondary or tertiary structure (Erickson and Carrell,
1983; Johnson et al., 1999; Rocco et al., 1987). It is believed
that this expansion is related to the flexibility in the links between
some domains. Sedimentation experiments suggested that an
interaction between 2FIII-3FIII and 13FIII-14FIII is responsible for
the compact form (Johnson et al., 1999). The assembly of Fn
fibers is a complex and stepwise process. Fn is converted from
a secreted compact globular dimer, incapable of fibril assembly
(Erickson and Carrell, 1983; Johnson et al., 1999), into a dense
network of interconnected fibrils in response to binding to the
cell receptor integrins. It was proposed that the combination of
interaction of Fn with itself, with integrins or other proteins from
the ECM and mechanical tension unmasks cryptic assembly
sites along the Fn chain. The most important Fn self-binding sites
seem to be located in the N terminus (Vakonakis et al., 2007).
Fn-GBD adopts a complex compact dimer that could not be
predicted from structures of its individual modules. The Fn-GBD
structure reveals many surprising features. First, GBD binds
a number of well-defined Zn2+ ions that drastically influence its
tertiary and quaternary organization. Zn clearly plays a role in
the structural rearrangement of 8FI, which is involved in multiple
Zn2+ binding sites (Figure 1D; Figure S2). The noncanonical 8FI
fold is further stabilized by (i) extensive b sheet formation with
the neighboring FIs (especially the extensive b-sheet formation
between strand E from 7FI and strand C from 8FI) and (ii) dimer
packing of the common b-sheet onto 1FII. Ultracentrifugation
solution measurements further suggest that at lower concentra-
tions, Zn binding compacts GBD, and at higher concentrations
leads to dimer formation. We propose that this compaction is
due to the association of 7FI-8FI-9FI into a single domain that
tightly interacts with 1FII. The 7FI-8FI-9FI part also contributes
the main GBD dimer interaction surface. Zn therefore affects
the secondary, tertiary, and quaternary structures of Fn-GBD,
and the effects are coupled.
We ignore for the moment whether Zn binding to Fn is physio-
logical. Obviously, Zn concentrations needed for crystal
formation are very high, but Zn could exert functional effects at
much lower concentrations in vivo. We showed that binding
to a high-affinity collagen peptide is inhibited at submillimolar, 710–718, June 9, 2010 ª2010 Elsevier Ltd All rights reserved 715
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Gelatin Binding Domain Structure of FibronectinZn concentrations. We therefore hypothesize that Zn binding
could exert a possible regulatory role on the physiological
behavior of fibronectin. Zn concentrations in biological samples
depend much on type of tissue. Reported values in serum and
whole blood are between 15 and 100 mM, but rise to millimolar
levels in liver and hair (Iyengar and Woittiez, 1988).
Interestingly, a MSF double-mutant where two Zn2+ chelating
histidine residues (His535 and His539) were substituted by phenyl-
alanine displays a decreased cell migratory activity compared
with the wild type (Houard et al., 2005). FI modules are extremely
robust as exemplified by stability measurements on 6FI, 7FI, and
9FI (Tm around 60
C measurable only in the presence of 6 M gua-
nidinium chloride (Litvinovich et al., 1991). Surprisingly, the 8FI
module has a much weaker thermostability (Tm around 65C
without requirement for guanidinium chloride), which could be
related to its capacity to undergo large conformational changes.
Bivalent metal ions are known to play an important role in the
regulation of extracellular signaling proteins. For instance,
calcium-mediated homodimer formation is well documented
for cadherins, cell adhesion proteins involved in embryonic mor-
phogenesis and stable cell-cell interactions (Takeichi, 1990).
Many ECM proteins (MMPs that use Zn2+ as an activating metal,
but also decorin, biglycan, laminin, nidogen, and others) exhibit
high affinity for zinc. Reports in the literature on the effect of
zinc on the structure or function of Fn are sparse. However,
a study has already described that the GBD can be retained on
a zinc-charged column (Gmeiner et al., 1995) and more recently
the alternatively spliced type-III connecting segment (IIICS)
located between 14FIII and 15FIII modules, has been shown
to bind one zinc ion (Askari et al., 2007). In addition, a low
zinc-dependent gelatinase activity has been associated with
Fn and particularly to its GBD fragment (Boudjennah et al.,
1998; Houard et al., 2005; Lambert Vidmar et al., 1991; Schnepel
and Tschesche, 2000). Site-directed mutagenesis experiments
have identified His535 and His539 from the HEXXH motif present
in 8FI module to be important for this activity. In our structure,
these two residues are involved in zinc ion binding (Figure S2C),
but no structural homology is observed with metalloproteases.
Our findings very clearly show that zinc has a dramatic effect
on the structure and organization of Fn-GBD. It remains an
open question whether zinc has any role in the cellular behavior
of Fn. The role of Zn2+ for the biological function, dynamics, and
structure of both fibronectin and MSF should be further investi-
gated.
EXPERIMENTAL PROCEDURES
Crystallization and Structure Solution
The 45-kDa gelatin-binding domain (GBD) purchased as a lyophilized product
from Sigma was generated by successive digestion of human fibronectin by
cathepsin D and trypsin. It was resuspended in 50 mM Tris/HCl (pH 7.4) and
150 mM NaCl. Lens-shaped crystals (100 mm) could only be obtained by
mixing 0.1 ml of protein solution (30 mg/ml) with an equal volume of crystalliza-
tion solution [25–30% PEG 550 MME, 0.1 M MES (pH 6.5), 30–50 mM ZnSO4].
Attempts to grow larger crystals failed due to protein precipitation when mixing
larger volumes of protein and crystallization solution. Prior to data collection,
crystals were directly flash-frozen in liquid nitrogen without addition of any
cryoprotectant. The 3-A˚ resolution SAD data at the Zn edge and the 2.4-A˚
native data could be recorded on beamline ID23-EH1 (European Synchrotron
Radiation Facility, Grenoble, France). The structure was determined by the
SAD method (single wavelength anomalous dispersion) using the anomalous716 Structure 18, 710–718, June 9, 2010 ª2010 Elsevier Ltd All rightssignal from bound Zn2+ ions. Data were processed using the XDS package
(Kabsch, 1993). The space group was P3221 with one molecule per asym-
metric unit. Seven zinc atom sites were found with the program SHELXD in
the 50-4 A˚ resolution range (Schneider and Sheldrick, 2002). Refinement of
the Zn2+ ion coordinates and occupancy, phasing, and density modification
were performed with the program SHARP (Bricogne et al., 2003). The quality
of the final phases allowed automatic building of a partial model with the
program RESOLVE (Terwilliger, 1999). This model was completed by iterative
cycles of manual rebuilding using the ‘‘TURBO’’ molecular modeling program
(http://www.afmb.univ-mrs.fr/-TURBO-) followed by refinement with the
BUSTER-TNT program (Blanc et al., 2004).
Residues Gln297 to Cys545 and Trp533 to Thr604 are well defined in electron
density and fall within the allowed regions of the Ramachandran plot as
defined by the program PROCHECK. Electron density allowed to model
two N-acetyl-glucosamine (NAG) bound to Asn430, one to Asn528, and one to
Asn542. In addition, 61 water molecules, two portions of PEG 550 MME used
as crystallization agent, and seven Zn2+ ions have been built. Statistics for
all the data collections and refinement are summarized in Table S1.
Analysis of the Oligomerization State of GBD in the Presence of Zn2+
The oligomerization state of GBD was studied by sedimentation-diffusion
equilibrium experiments using an Optima XL-I analytical ultracentrifuge (Beck-
man-Coulter). Six aluminum two-sector cells were loaded with 150 ml of GBD
samples in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl at three concentrations
(0.035, 0.16, and 1 mg/ml) in the presence of either 5 mM ZnSO4 or 2 mM
EDTA. These cells were centrifuged using an eight-hole AN50-titane rotor until
the sedimentation-diffusion equilibrium was reached (18 hr at 20C) at each of
five speeds performed: 9, 10, 11, 12, and 14 krpm. Three absorbance scans
were recorded at the optimal wavelengths of 230, 280, or 295 nm, respectively,
for each speed and corresponding sample concentration. The contributions of
GBD at the sample meniscus toward the center of the rotor were measured
from an average of three absorbance scans at 50 krpm to set up the absor-
bance offsets. The sedimentation equilibrium data for GBD were fitted on
models, first using Equation 1 describing a single ideal species:
Ar =Ar0 e

Mð1  vrÞu2=2RTr2  r20

; (1)
then Equation 2 considering a self-associating species:
Ar =Ar0 e

Mð1  vrÞu2=2RTr2  r20

+Anmer;r0 e

nMð1  vrÞu2=2RTr2  r20
 (2)
where the absorbance Ar at any radial position r, is related to the molecular
weight, M; R is the gas constant, T is the temperature in Kelvin, n is the
partial specific volume of the molecule, and r is the buffer density. A partial
specific volume n of 0.688 ml/g was calculated for GBD from the amino-acid
composition (0.692 ml/g) and the carbohydrate composition (0.660 ml/g),
according to their respective contribution to the total weight. Solvent density
r = 1.004 g/ml was set from tables. Ar0 is the absorbance at a radial reference
distance, r0, u is the angular velocity, and n is the number of identical subunits
of molecular weightMwithin the n-mer. The 15 absorbance scans (three scans
per speed for five speeds) per each GBD concentration were fitted simulta-
neously to the model equations by using the software Origin 6.0 (Microcal).
Models were selected from the lowest variance values and the unbiased
residual value distributions.
The sedimentation coefficient of GBD was determined from sedimentation
velocity experiments performed using the analytical ultracentrifuge at a rotor
speed of 50 krpm and at 20C in two aluminum two-sector cells using a
four-hole AN60-titane rotor. One concentration (0.16 mg/ml) in 20 mM
Tris-HCl (pH 7.5), 150 mM NaCl was analyzed in the presence of either
5 mM ZnSO4 or 2 mM EDTA. A total of 120 absorbance and refractive index
scans were acquired for both samples with Raleigh interference optics every
150 s. The data were analyzed according to the continuous c(s) analysis
method smoothed with a maximum entropy regularization using Sedfit
94 (Dam and Schuck, 2004). This method deconvolutes the effects of diffusion
broadening, yielding high-resolution sedimentation coefficient (s) distribution.
Fluorescence Anisotropy Experiments
Fluorescence anisotropy measurements were performed at 25C in a 20 mM
Tris-Cl (pH 7.4), 150 mM NaCl buffer by using a Varian Cary Eclipsereserved
Structure
Gelatin Binding Domain Structure of FibronectinFluorescence Spectrophotometer. Samples of 75-nM FITC-labeled collagen
peptide a1(I) G778–G799 (generous gift from I. Vakonakis, Oxford University,
UK) titrated with increasing concentrations of protein or ZnCl2 were excited
at 485 nm with a 10-nm cutoff, and fluorescence was observed at 525 nm.
Experiments were performed in duplicate.ACCESSION NUMBERS
The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.pdb.org (PDB ID code 3M7P).SUPPLEMENTAL INFORMATION
Supplemental Information include five figures and Supplemental Experimental
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